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ABSTRACT 

We investigate the physical nature of blue cores in early-type galaxies through the first multi-wavelength 
analysis of a serendipitously discovered field blue-nucleated spheroid in the background of the deep ACS/WFC 
griz multicolor observations of the cluster Abell 1689. The resolved g — r, r — i and i — z color maps reveal a 
prominent blue core identifying this galaxy as a "typical" case study, exhibiting variations of 0.5 — 1.0 mag in 
color between the center and the outer regions, opposite to the expectations of reddened metallicity induced 
gradients in passively evolved ellipticals. From a Magellan-Clay spectrum we secure the galaxy redshift at 
z = 0.624. We find a strong X-ray source coincident with the spheroid galaxy. Spectral features and a high X- 
ray luminosity indicate the presence of an AGN in the galaxy. However, a comparison of the X-ray luminosity 
to a sample derived from the Chandra Deep Field South displays L\ to be comparable to Type I/QSO galaxies 
while the optical flux is consistent with a normal star-forming galaxy. We conclude that the galaxy's non- 
thermal component dominates at high-energy wavelengths while we associate the spheroid blue light with the 
stellar spectrum of normal star-forming galaxies. We argue about a probable association between the presence 
of blue cores in spheroids and AGN activity. 

Subject headings: galaxies: elliptical and lenticular, cD — galaxies: active — X-rays: galaxies 



1. INTRODUCTION 

Early-type galaxies have been the focal point for probing 
one of the main expectations from hierarchical models of 
galaxy formation: the continuous assembly of galaxies with 
redshift via mergers. Considerable attention has been de- 
voted to field ellipticals at intermediate redshifts with high- 
resolution multicolor data that can provide confident morpho- 
logical classification. The Hubble Deep Fields (HDFs) and 
more recently abundant Advanced Camera for Surveys (ACS) 
deep imaging has provided significant advances. Recent stud- 
ies u se the evolution of the fundamental plane for field ellipti- 
cals JTreu et al.l2002tlvan Dokkum & Ellisl200l to constrain 
their evolution by comparing to cluster ellipticals, and their 
colors and num ber evolution as a function of redshift (e.g. 
iBell et alJ200l . 

A relatively new approach is the use of color inho- 
mogeneities exploiting the resolved colors from Hubble 
Space Telescop e (HST) ellipticals to trace recent star for - 
mation activity (Abraha m et al.l lT999: Pao ovich et al.l l200l . 
The studies' chief discovery is that ~ 30% of HST se- 
lected spheroids have internal color variations, that de- 
part from the expectation for passively evolved e llipti- 
cals (iMenanteau. Abraham. & Ellisl 12001 at iMenanteau et al.l 
2004). Moreover, in most cases the color variations mani- 
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fest themselves via the presence of blue cores, an effect of 
opposite sign to that expected from metallicity gradients on 
passively evolved ellipticals. Until now, blue cores in el- 
lipticals have been solely associated with star formation at- 
tributed to differences in local potential well which makes 
star-for mation more efficient in the central region of th e 
galaxy (Menanteau et al. 2001b; Friaca & Terlevich 2001). 
However, the physical nature of these objects has been elusive 
as they have been only detected in extremely deep HST obser- 
vations (e.g. the HDFs) and deep spectroscopic o bservations 
have been rather limited (i.e. Ivan Dokkum & Ellis 2003) due 
to the long integration times required to acquire high-signal 
spectrum of faint ellipticals. 

In this Letter, we investigate the physical origin of the blue 
cores in spheroids through the discovery of a blue-nucleated 
spheroid galaxy associated with a strong x-ray source. We use 
a combination of, deep ground-based spectrum, HST/ ACS 
deep muticolor observations and archival Chandra X-ray ob- 
servations to explore the probable link between AGN activity 
and the manifestation of blue central light in spheroids. We 
adopt a flat cosmology with h = 0.7, £l m = 0.3 and = 0.7 
throughout. 

2. MULTI-WAVELENGTH OBSERVATIONS 

2. 1. Optical Imaging ofAbell 1689 

The ACS observations of Abell 1689 were taken in June 
2002 as part of the ACS Guaranteed Time Observations 
(GTO) science program. They consist of deep exposures of 
4, 4, 3 and 7 orbits in the F475W(g), F625W(r), F775W(/) 
and F850LP(z) bands, respectively. The images were aligned, 
cosmic -ray rejected and drizzled together into a single geo- 
metrically corrected image using APSI S (ACS Pi peline Sci- 
ence Investigation Software; Blakeslee et al. 2003) at Johns 
Hopkins University, leading to total exposures of 9500, 9500, 
11800 and 16600 sec in g, r, i and z, respe ctively, and a fi- 
nal pix el scale of 0"05 pixel -1 . We refer tolBroadhur st et all 
(2004) for a more detailed account of the ACS observations 
and photometry. Initial object detection, extraction, and in- 
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tegrated photometry were taken from the output APSIS SEx- 
tractor catalogs using the ACS photometric calibration in AB 
magnitudes. Ancillary ground-based imaging in the U band 
and near-infrared J, H, K bands matching the ACS-defined 
apertures were taken from the Abell 1689 catalog of Coe et al. 
(in preparation), which include point spread function (PSF) 
corrected ground-based magnitudes. 

2.2. Deep LDSS2 Magellan Spectrum 

The spectroscopic information is based on the deep multi- 
object observations taken with the Las Campanas Observatory 
Magellan-Clay 6.5m telescope on May 26, 27 and 28, 2003. 
We used the low-dispersion survey spectrograph 2 (LDSS2) 
as part of a spectroscopic survey of Abell 1689 (Frye et al. 
2004). Targets for the program were selected following two 
criteria: 1) acquiri ng redshifts for the m ultiply-lensed galax- 
ies discovered by Broad hurst et alJ fc004l) . and 2) securing 
spectra for high redshift background galaxies. We were par- 
ticularly careful to include in all our LDDS2 masks the only 
spheroid galaxy with a blue core in the ACS field of Abell 
1689. 

We used our own IDL reduction software to handle a large 
number of spectra efficiently. Optimizing for background- 
limited data, our aim was to maximize the signal-to-noise 
ratio without resampling the data, so that groups of pixels 
carrying faint continuum signal have every chance of be- 
ing detected as a coh erent pattern in the final reduced image 
(see iFrve et alJl2002l for details). The final co-added, flux- 
calibrated spectrum of the galaxy totaled lOh through a l'.'O 
slit in a seeing of 0"6 — 0"8 using the Med/Blue grism at 
300 lines/mm. Its wavelength dispersion is 5 A pixel -1 , de- 
termined from unblended sky lines, and its spectral coverage, 
-4000 -8500 A. 

2.3. Chandra X-ray Observations 

We investigated the AGN nature of our blue core spheroid 
from X-ray archival data. We used the Abell 1689 observa- 
tions from the Chandra X-ray Observatory using ACIS-I in 
FAINT mode in two exposures of about 10.7 ks and 10.3 ks 
for a total of 2 1 ks after data reduction with the CIAO soft- 
ware. We smoothed out the X-ray image of pixel size 0.984", 
with a 1 .5(7 Gaussian filter and superimposed its flux contours 
over the ACS image. From Fig. ^ we see two main X-ray 
sources within the ACS coverage of Abell 1689, the strongest 
comin g from the central cD galaxy in Abell 1689 dXue & Wul 
2002) and on the upper right of the ACS image a strong X- 
ray source which we positively associate with the blue core 
spheroid in our study. 

We also considered the possibility of radio sources be- 
ing associated with the object. Based on radio wavelength 
archiv al data from the VLA FIRST radio survey J White et alJ 
we found no radio counterpart associated with the blue 
core galaxy at the flux limits of the survey (0.97 mJy/beam). 

3. ANALYSIS 

To search for color variations in spheroids, we examine 
galaxies in the ACS field of Abell 1689 via the construction 
of g — r, r~ i, and i — z color maps for all 742 galaxies with 
'775h < 24.5. Although the effective area for this search is 
rather limited due to the presence of the cluster itself and the 
gravitational lens magnification, we successfully located one 
background spheroidal in one of the corners of the ACS field- 
of-view with a strong central blue spot similarly to those re- 
ported previously (see upper panel Fig. |2j. This is the only 



spheroid with a blue core in the field, including all the ob- 
jects associated with the cluster. To study the color maps and 
galaxy profiles, we first removed the dependence of the PSF 
structure on wavelength by deconvolving the galaxy image in 
each bandpass with an appropriate PSF using the IRAF lucy 
task with flux conservation. The PSFs were derived from sev- 
eral observations of a well-exposed star in ACS calibration 
programs. The restored images were then convolved identi- 
cally with the F625W PSF, thus removing any color depen- 
dence due to the PSF shape. We used this images to create 
the galaxy resolved color maps. These show a prominent blue 
core with color differences of ~ 1.0 mag in g — r, ~ 0.8 mag 
in r — i and ~ 0.9 in i — z. 

We verified if the galaxy possesses an unresolved nucleus, 
a common signature of nuclear activity, by comparing its nu- 
clear profile in each filter with that of an observed PSF. The 
galaxy radial profiles were extracted with the IRAF radprof 
task with "background" subtraction defined in an annulus of 
radius 6 pixels (0"3) and width 2 pixels, located inside the 
host galaxy. The resulting galactic profiles were then com- 
pared with those of the PSF star. A positive point source iden- 
tification was ascertained in all four filters out to a radius of 
5 pixels (0"25) . The match of the galaxy's nuclear profile 
with the PSF is best in F475W filter, where the host galaxy 
contamination is the least. The F625W profiles exhibit the 
largest deviation possibly from contamination by [O II] A 3727 
line emission (see Fig.0. 

The spectrum (Fig.|2j shows prominent emission lines that 
indicate the presence of an active nucleus and also suggest 
star formation activity. The galaxy contains the distinctive 
Mg II, HJ3 and [O III]AA4959,5007 nebular lines associated 
with AGNs. However, the signal is not high enough to see the 
broad-line component for the Mg II and Hj3 permitted lines, 
and Ha lies outside the observed spectral range. The con- 
tinuum does not follow a pure power-law, but rather includes 
some absorption features such as Mgb. 

Additional information confirming the presence of an ac- 
tive nucleus comes from the X-ray observations. The galaxy 
is detected as a point source in the X-ray with a very high 
signal and with a total of ~ 130 net counts in the 0.3-10 keV 
band, extracted from a circular region of 8". From a difference 
of almost 9 months between the two Chandra observations, 
the source seems to be variable with a luminosity decrease 
of ~ 30% at a 2 sigma c.l. in the soft band (0.5 — 2 keV). 
However, we do not detect any variability in the hard band. 
This is expected, since variab ility is routinely fou nd in X-ray 
sources in Chandra surveys (Paoli llo et alJl2004l) . To correct 
for possible contamination from the diffuse emission from the 
cluster, which is very strong in the position of the galaxy im- 
age, we experimented extracting three different backgrounds 
around the galaxy and determined that the background is 
not affecting our results significantly. D ue to the low num- 
ber of net detected counts, we used the ICashl 0,979) statis- 
tics to fit the spectrum of the galaxy with XSPEC (VI 1.3) 
the energy range 0.6 — 8 keV, to avoid calibration uncertain- 
ties at energies lower than 0.6 keV. Our model is a simple 
power-law plus a Galactic absorption and an intrinsic absorp- 
tion. We find a spectral slope of Y — 1.5 ± 0.2 and an up- 
per limit to the intrinsic absorption of 2 x 10 21 cm -2 . The 
redshift is frozen to z — 0.624 and the Galactic absorption to 
Nh = 1-82 x 10 20 cm~ 2 . The luminosity in the rest-frame 
0.5 - 2 keV and 0.5 - 10 keV band is L x = 2.95 x 10 43 erg 
s _1 and Lx = L04 x 10 44 erg s _1 respectively (see TableQ. 
Both the absence of significant absorption and the high lumi- 
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source in the ACS field besides the cluster itself. 



TABLE 1 
MULTIWAVELENGTH INFORMATION 
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nosity point towards a Type I AGN. 

We also notice a residual around 4 keV, which is the ob- 
serving frame energy expected for a possible Fe line complex 
at the rest-frame energy of ~ 6.4 keV. Therefore, we repeated 
the fits by adding a simple Gaussian line and leaving free the 
energy, the width and normalization of the line. We obtain the 
best fit values: Eu ne — 3.93 ±0.08 keV, and equivalent width 
EW= 0.9 ±0.5 keV. In addition, the best fit slope of the power 
law is r = 1 .65 ± 0.25, while the upper limits on the intrinsic 



absorption are somewhat larger but consistent with the values 
obtained without the line. The decrease in C-statistics with 
respect to the model without the line is AC ~ 5.9. Consider- 
ing that we added three free parameters defining the line, such 
a decrement correspond to a significance level of about 90%. 
However, since the best-fit energy of the line is what we ex- 
pected for the redshifted 6.4 keV K-shell transition from Fe, 
the significance of the detected line is more than 2 sigma. We 
conclude that we possibly detected a Fe line originated in the 
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FIG. 2. — Upper panel: the /-band surface brightness and the g — r, r — i and i — z color maps for the blue core spheroid from the ACS imaging. The figure is 
color coded to its real color in AB magnitudes. Lower panel: the LDSS2 observed spectrum for the galaxy at z = 0.624 is shown as a solid line. The corresponding 
ACS filter bandpasses are shown in arbitrary units as dotted lines. Prominent spectral lines are labeled. 



nuclear region, an occurrence to be verified with further ob- 
servations already scheduled for A 1689 (public release March 
2005). 

4. DISCUSSION 

We examine the relationship between the X-ray and opti- 
cal luminosities of the galaxy and its connection with galaxy 
types. We compare the galaxy £^(0.2-10) kev luminosity 
and /T-band absolute AB magnitude with the galaxies in the 
ISzokolv et all (12004) Chandra Deep Field South (CDF-S) cat- 
alog of X-ray sources. The K absolute magnitude is computed 
using the ^-correction derived from the Type I spectral energy 
distribution (SED) of the Chatzichristou (private communica- 
tion) library of SEDs. In Fig. [3](upper panel), we compare L\ 
and K for the galaxy (solid star) and the CDF-S sample. It is 
interesting to note that the galaxy has an X-ray luminosity in 
the same range as low luminosity QSOs (squares) and Type I 
AGNs (filled circles). However, the galaxy's K flux is more 
similar to that of Type II AGNs (open circles) or normal galax- 
ies (triangles). This suggests that the galaxy's non-thermal 
component is very strong and dominant for high-energy wave- 
lengths while there is a star-forming stellar component that 
contributes most of the light at optical wavelengths. 

We also investigate the relation between the line flux ratios 
[O II]A3727/HJ3 and 05OO7/H/3. This diagnostic diagram 
has been use d for the spectral classification of emission-line 
galaxies (see lTresse et aljfl996l) . In Fig. [5] (lower panel), we 
compare the line fluxes between the spheroid galaxy (solid 
star) and the values for different galaxy ty pes taken from 
the sp ectrophotometric catalog of galaxies of iTerlevich et alJ 
(TT991T) . We find that the galaxy has [O II]A3727/H/3 val- 
ues in the same range as Type II AGNs and HII galax- 



ies and that its 05OO7/H/3 flux is more similar to HII and 
normal galaxies. Moreover, the typical 05007 /Hj3 and 
[O II]A3727/HJ3 values of Type I AGNs (solid circles) are 
significantly lower than the values of the galaxy. We con- 
sider this as further evidence for the dual nature of the galaxy. 
Although the spectrum shows AGN signatures such as Mgll 
and [O III]AA4959,5007, the strength of the [O II] A 3727 
line suggest the presence of ongoing stellar formation pro- 
cesses. If we associate the [O II] A 3727 flux to stellar activity 
we can make a rough estimate of the galaxy star formation 
rate (SFR) based on it s \Q II] A 3727 lum inosity, L[0 II], us- 
ing the prescription of Kennicutt ( 1998). Whereas the rates 
derived from [O II] A 3727 are less precise than those from 
Ha due to uncertainties in the assumed Ha extinction, it is 
still possible to obtain a reasonable estimate for the galaxy 
SFR. We compute L[0 II] = 2.79 x 10 41 ergs s" 1 which yields 
a SFR = 3.90 ± 1.12 Mgyr -1 . This represe nts a modest 
rate, l ower than in massive starburst galaxies l lRanalli et alJ 
120031 iGilfanov et al J 120041) . However it is consistent with 
normal disk galaxies and SFR computed for spheroi ds with 
similar blue cores, based purely on models ( Men anteau et alJ 
2001a b). 

T he Lx(q.5-2 keV) has been employ ed as a SFR indicator 
(see Ranall iet alJl2003 l ICohenll 20Q3l) . because of its link lo 
X-ray binaries, (Persic et al. 2004), young supernova rem- 
nants and ga lactic winds associated to star-forming galaxies. 
Additionally Gilfano v et alJ I|2(j04) have derive d the re lation 
betwee n Lx(o.2-io keV) an d SFR, consistent w ith Ranal lTetall 
J2003I) except for low SFR llGrimm et all2003l) . Could the ob- 
served spheroid Lx be solely associated with star formation? 
It is hard to rule out that a fraction of it is not related, however 
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FIG. 3. — Top panel: the X-ray to optical lumin osity for the Chandra Deep 
Field South spectroscopic catalog from Szokolv et al. 1 2004) compared to 
the spheroid galaxy. The error bars for the galaxy have been shifted to avoid 
overlapping with the symbol. Bottom panel: the [O IXJA3727 to 05007 rel- 
ative t o H/3 flux from the spectro-photometric catalog from Terlev icri et alJ 
1 1991) compared to the values extracted for the spheroid. In both panels the 
red star represents the blue core spheroid; filled and open circles show Type I 
and Type II AGNs respectively, squares represent QSO galaxies and open 
triangles normal and HII galaxies. 



the 2-10 keV hard band luminosity Lx= 7.5 x 10 43 erg s _1 , 
would suggest an extremely high SFR (> 10 4 M yr~') in 
contradiction with the optical data suggestive of low star- 
formation activity. There is also a tight correlation between 
L(1.4 Ghz) r adio luminosity and Lx for starburst galaxies 
llCohenll2003l) . However, we report no signal for the galaxy 
at radio wavelengths (i.e. § 2). 



5. CONCLUSION 

Based on the galaxy's spectral features and its X-ray lu- 
minosity, we have determined the presence of an active non- 
thermal component in the blue spheroid galaxy identified 
in the background field of Abell 1689. Star formation and 
AGNs have been su ggested to be closely inter-connected 
jLevenson et alJ 120011) . However, they have been related 
mostly with Seyfert 2 galaxies which are heavily absorbed 
in their hard X-ray emission — not the case for this galaxy. 
Moreover, the fact that we observe such a prominent blue 
core in the ACS images suggests that the central region is 
not particularly affected by dust obscuration, nor that it con- 
tains a dusty enshrouded starburst. On the other hand most 
present-day galaxies harbor supermassive black holes, which 
may ha ve an important role in the formation of ellipticals and 
bulges (Merritt & Ferrarese 2001). It is tantalizing to relate 
the galaxy central blue light with the rapid mass infall into a 
central black hole which might trigger star formation, and the 
subsequent fueling of gas into the AGN which might be the 
phenomenon we are observing. 

The advent of wide areas with deep publicly available 
HST/ACS multicolor imaging and Chandra X-ray observa- 
tions will make it possible to examine whether the association 
between AGNs and blue core spheroids is a common feature 
or just a rare occurrence. If they prove to be a constant feature 
in blue core spheroids, these might represent a new galaxy 
subclass and may provide evidence for a more delayed for- 
mation scenario for early-type galaxies. 
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